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Abstract

Sensitive identification of the etiology of viral diseases is key to implementing appropriate
prevention and treatment. The gold standard for virus identification is the polymerase chain
reaction (PCR), a technique that allows for highly specific and sensitive detection of pathogens by
exponentially amplifying a specific region of DNA from as little as a single copy through
thermocycling a biochemical cocktail. Today, molecular biology laboratories use commercial
instruments that operate in 0.5-2 h/analysis using reaction volumes of 5-50 pL contained within
polymer tubes or chambers. Towards reducing this volume and maintaining performance, we
present a semi-quantitative, systematic experimental study of how PCR yield is affected by tube/
chamber substrate, surface-area-to-volume ratio (SA:V), and passivation methods. We perform
PCR experiments using traditional PCR tubes as well as using disposable polymer microchips
with 1 uL reaction volumes thermocycled using water baths. We report the first oil encapsulation
microfluidic PCR method without fluid flow and its application to the first microfluidic
amplification of Epstein Barr virus using consensus degenerate primers, a powerful and broad
PCR method to screen for both known and novel members of a viral family. The limit of detection
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is measured as 140 starting copies of DNA from a starting concentration of 3x10° copies/mL,
regarded as an accepted sensitivity threshold for diagnostic purposes, and reaction specificity was
improved as compared to conventional methods. Also notable, these experiments were conducted
with conventional reagent concentrations, rather than commonly spiked enzyme and/or template
mixtures. This experimental study of the effects of substrate, SA:V, and passivation, together with
sensitive and specific microfluidic PCR with consensus degenerate primers represent advances
towards lower cost and higher throughput pathogen screening.
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1 Introduction

Viral respiratory, gastrointestinal, and encephalitis diseases are often associated with
significant morbidity and mortality. Diagnoses of the agents responsible for cases of these
diseases in laboratory are difficult because the clinical symptoms of these diseases for
different pathogens are often similar or indistinguishable. Traditional detection techniques,
including immunoassays, direct fluorescent antigen testing, and viral culturing, are being
supplanted by the polymerase chain reaction (PCR), which offers high sensitivity and high
specificity in a short turnaround time (Cao et al. 2012). Although conventional PCR-based
genomic assays utilizing known pathogen genomic signatures are powerful tools to detect
known pathogens, they are incapable of effectively identifying novel emerging pathogens or
unsuspected pathogens. Therefore a broad assay for both viral detection and discovery with
good sensitivity is needed.

The Centers for Disease Control and Prevention (CDC) use a method for broad diagnosis of
viruses by designing specialized primers targeting highly conserved regions across a family
and/or genera (Tong et al. 2008; Kaur et al. 2008), known as consensus degenerate hybrid
oligonucleotide primer (CODEHOP) PCR (Rose et al. 1998; Rose et al. 2003). Briefly
consensus degenerate primers work by observing conserved motifs in the protein sequences
of a gene family. From this, a pool of primers is designed with a common 5" end, known as
the consensus clamp that contains a “best guess” sequence for the nucleotides flanking the
target motif, and a heterogeneous 3” end, known as the degenerate core region containing all
possible codons for 3—4 amino acids. This methodology not only amplifies nucleic acids
from known pathogens but also detects related novel pathogens due to the evolutionary
relationships of the organisms.

While PCR has become the gold standard for virus detection, it is more expensive than
conventional approaches (Yang and Rothman 2004). Louie et al. (2000) estimates the cost of
PCR, when considering reagents, equipment, dedicated space, personnel training, and labor,
to be as high as $125 USD per reaction and proportional to reaction volume. In order to
reduce PCR costs, the approaches of reducing volume or diluting the reaction mixture are
limited by a variety of factors. Conventional PCR tubes are impractical for volumes less than
5 WL due to evaporation, and at these volumes difficulties with sample handling and dilution
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has been shown to produce low-quality PCR products (Nakane et al. 2001; Salas-Solano et
al. 1998). The development of microfluidic devices for PCR have been proven effective for
handling lower volumes and providing faster turnaround times, as detailed in review articles
(Zhang et al. 2006; Zhang and Ozdemir 2009). Other advantages of microfluidics can
include integration with upstream and downstream sample processing (Easley et al. 2006)
and portability for point-of-care applications (Belgrader et al. 2001; Liu et al. 2008). These
microchips can be made from a variety of substrates, such as silicon, glass, and, more
recently, polymers including poly(methyl methacrylate) (PMMA), cyclic olefin copolymers
(COC), polycarbonate (PC), polyester (PE), and polydimethylsiloxane (PDMS); PMMA,
PC, COC, and PE are microfluidic substrates that fall in the “glassy polymers” category.
Microfluidic device fabrication in polypropylene is rare, though not unheard of (Dahl et al.
2007), because of the challenges of material shaping processes for micro-scale features and
bonding. Microchips are fabricated using a wide range of techniques such as chemical
etching (Liu et al. 2006; Giordano et al. 2001a), thermoforming (Focke et al. 2010), casting
(Yu et al. 2003), and laser etching (Yang et al. 2002). Despite the many advances in the field
microfluidics, there are factors limiting largescale adoption such as concerns about usability
and sensitivity. In addition, while PCR recipes typically call for a polymerase concentration
of 0.02-0.025 U/uL, the recipes for microfluidic PCR frequently require 2-20x more than
the conventional polymerase concentration (Angione et al. 2012; Cao et al. 2012; Hua et al.
2010). Within the field of virology, demonstrations of such devices are typically limited to
common amplifications at relatively high starting template concentrations (e.g., 0.1-100 ng)
(Wang and Burns 2009; Giordano et al. 2001b; Hou et al. 2007). Further, broadrange PCR
using consensus degenerate primers have not been demonstrated with microfluidic systems.
Ideally, a low-cost microchip produced with simple fabrication would attain sensitivity and
specificity comparable to conventional PCR tubes without increased polymerase or template
concentration and further be capable of PCR variants such as consensus degenerate PCR.

For proof of concept, we used consensus degenerate primers for pan herpes virus PCR and
the Epstein-Barr virus (EBV) as a template. EBV is a double stranded DNA virus belonging
to the family Herpesviridae. Nearly every human is infected with EBV before adulthood.
Infection early in childhood is usually asymptomatic, while delayed primary infection is
typically manifest by the signs and symptoms of mononucleosis (Gulley and Tang 2010).
After infection, the viral genome is retained for life at low concentration, and presents as
illness in higher concentration when the immune system is compromised (Martinez and de
Gruijl 2008; Snow and Martinez 2007). Thus, a threshold concentration between low and
high viral loads is necessary for diagnostic purposes. There is no consistently published
threshold, but one study (Wagner et al. 2001) observed a median high viral load of 32,250
(range 10,150 to 47,450) copies/mL and a low viral load of 7,400 copies/mL. Thus we set a
threshold for this work of 3x10° copies/mL.

Any viable microfluidic PCR approach must achieve sensitivity and specificity comparable
to conventional PCR tubes. As discussed for the EBV virus, sensitivity to a threshold viral

load must be defined. Ideal specificity would involve only amplification of the target region
for which that particular PCR assay was intended, without amplifying nonspecific products.
Here, discernment of the viral target fragments in an electropherogram in the presence of a
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noisy human DNA background can serve as a qualitative specificity assessment and
comparison to conventional techniques.

One of the most vexing problems encountered when working with low reaction volumes is
inhibition due to increased probability of adverse interactions between reagents and inner
surfaces of the microfluidic architecture. This is a result of the higher surface-area-to-
volume ratio (SA:V), which is the surface area surrounding the reaction divided by the its
volume. This problem was acknowledged in early efforts at miniaturization of PCR (Wittwer
and Garling 1991; Taylor et al. 1997) and has been explored in the search for the most
suitable substrates and effective passivation methods (Giordano et al. 2001a; Panaro et al.
2004; Prakash et al. 2008; Kodzius et al. 2011; Shoffner et al. 1996; Angione et al. 2012;
Sweryda-Krawiec et al. 2004; Erill et al. 2003; Christensen et al. 2007; Kolari et al. 2007). It
has been shown that the most deleterious factor is adsorption of the polymerase enzyme to
the surfaces in contact with the reaction mixture (Erill et al. 2003; Panaro et al. 2004), as
well as, in the case of real-time PCR, adsorption of the intercalating dye Sybr Green
(Gonzalez et al. 2007). Although some substrates appear to be more inert for PCR purposes,
the effects of adsorption appear to occur for most substrates and becomes more pronounced
with increasing SA:V. A commonly used reaction volume of 50 pL in a standard
polypropylene PCR tube exhibits a SA:V of about 1.3 while microfluidic devices are
reported with SA:V more than an order of magnitude higher (Zhang et al. 2006). Despite the
recognition of SA:V as a concern for the viability of microfluidic PCR systems, its effects
have not been explored systematically. There is a need to determine the threshold in which
surface interactions becomes significant so that appropriate substrate choice and passivation
considerations can be utilized.

Adsorption of the polymerase enzyme to microscale surfaces has been reported qualitatively
(Prakash et al. 2008;) to be a contributing factor in yield reduction at small volumes, and this
problem is compounded by the inherent increase in SA:V in microfluidic devices. The
specific adsorption of polymerase is commonly explained as a result of hydrophobic
interaction between the enzyme and substrate, where hydrophobic substrates will be more
likely to adsorb more enzyme (Elbert and Hubbell 1996; Kodzius et al. 2011). Recent
studies by Sweryda-Krawiec et al. (2004) and Prakash et al. (2008) have demonstrated
adsorption by both hydrophobic and hydrophilic substrates, discounting wettability as a
standalone mechanism. Prakash et al. (2008) lists a multitude of possible interactions,
including hydrophobicity/hydrophilicity (Koutsopoulos et al. 2004; Orasanu-Gourlay and
Bradley 2006; Pancera and Petri 2002), surface free-energy (Noinville et al. 2002),
electrostatic attraction/repulsion (Assis 2003; Haynes et al. 1994; Yoon and Garrell 2003),
thermodynamics (Haynes and Norde 1995; Norde and Haynes 1995), unique interfacial
tension between the protein and adsorbing surface (Beverung et al. 1999), and relationship
between protein penetration and steric hindrance from the structure of the protein and
adsorbing substrate (Luk et al. 2000; Moskovitz and Srebnik 2005; Sofia et al. 1998). It is
worth noting that many authors have suggested that the adsorption mechanisms themselves
may not be fully understood (Haynes and Norde 1995; Luk et al. 2000; Sweryda-Krawiec et
al. 2004; Yeo et al. 2006).
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Several methods have been used to counteract inhibition by adsorption. Dynamic passivation
agents (additives to the PCR mixture) such as bovine serum albumen (BSA), polyethylene
glycol (PEG), and polyvinylpyrrolidone (PVVP) compete with the PCR reagents for
adsorption sites on the surfaces of the reaction chamber (Giordano et al. 2001a; Panaro et al.
2004; Kodzius et al. 2011; Shoffner et al. 1996; Angione et al. 2012; Sweryda-Krawiec et al.
2004; Erill et al. 2003; Christensen et al. 2007; Kolari et al. 2007). Further, there is an
emerging trend toward droplet microfluidics, in which discrete aqueous volumes (e.g., 100
pL) are encapsulated in oil (Beer et al. 2012; Wang and Burns 2009; Liu et al. 2012) with
excellent amplification results. These droplet systems require pneumatic droplet generators
and flow cytometers. Ideally, effects and advantages of passivation techniques such as BSA
and oil encapsulation could be quantified and/or combined with the simplicity of practical,
hand-pipetted volumes (e.g., 1-10 pL) in a disposable polymer chip, without the need for
fluid flow to be effective.

We present here experimental characterization of the adverse effects of high SA:V on PCR
yield and the efficacy of common methods of passivation to counteract surfacerelated
inhibition. These results are applied to the development of a microchip and protocol capable
of performing PCR at a 1 L reaction volume with consensus degenerate primers and
standard reagent concentrations to detect EBV with diagnostically relevant sensitivity and
specificity, comparable to conventional PCR in a tube.

2 Materials and methods

2.1 PCR reagents

All reactions were prepared from a commercial master mix, AccuPower PCR PreMix
(Bioneer, South Korea). This premix consists of a lyophilized pellet of 2.5 U Top DNA
polymerase, 250 uM dNTP (dATP, dCTP, dGTP, dTTP), 10 mM Tris—HCI (pH 9.0), 30 mM
KCI, 1.5 mM MgCly, a tracking dye, and a stabilizer.

For testing passivation effects of BSA on various polymers, A-phage amplification with a
500 bp amplicon was used with a 50 uL volume. For this, both BSA and non-BSA
containing reactions were prepared. For the non-BSA reactions, 48 L of nuclease-free
water was added to the premix tube, which was vortexed until the pellet was dissolved and
spun down. Next, 1 pL of primer mix, containing 20 uM of the forward (5"-GAT GAG TTC
GTG TTC GTA CAA CTG G-3”) and reverse (5'-GGT TAT CGA AAT CAG CCA CAG
CGC C-3") primers (Eurofins MWG Operon, Germany), was added. Purified A-phage DNA
(Affymetrix, Santa Clara, CA) was diluted to 45.8 ng/uL and 1 pL was added to the master
mix. For the BSA containing reactions, 38 uL of water and 10 pL of 1 pg/uL BSA
(Affymetrix) was used.

For testing passivation effects of mineral oil, the same A-phage amplification was used. For
the non-BSA preparation, 44 uL of water was added to the premix, which was vortexed and
spun down. Next, 1 puL of primer mix and 5 pL of A-phage DNA were added. This mixture
was divided into 5 pL aliquots. For the BSA containing reactions, the same protocol was
used except the volume of water added was reduced to 29 uL and 15 L of 1 pg/uL BSA was
added to the premix prior to vortexing.
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To demonstrate consensus degenerate PCR, we utilized a reaction designed for the
Herpesviridae family with a 605 bp amplicon. The template DNA was a 4,495 bp plasmid
containing an Epstein Barr virus (EBV) genomic fragment and flanking regions of a 3,957
bp vector (Invitrogen, pPCR®4-TOPO®). We performed PCR in conventional 0.2 mL PCR
tubes at volumes of 5, 3, 2, and 1 uL and our experimental microchips at 1 uL with a variety
of template concentrations to assess and compare sensitivity (limit of detection), specificity,
and volume limitations. Preparation began by adding 43 pL of water to the premix, which
was vortexed and spun down. Next, 1 pL each of 50 uM forward (5’-G(GT)T IGA CTT
TGC CAG C(TC)T (GC)TA CCC-3") and reverse (5'-GGG AGT C(AC)G TGT C(GC)C
CGT A(GT)A TGA-3") primers (supplied by the Centers for Disease Control and
Prevention) (Rose et al. 1997) were added, where the parentheticals indicate degenerate base
sequences present in the primers. Epstein Barr virus template DNA was prepared with
starting concentrations ranging from 1.25x1073ng/uL (1.4x108 copies/reaction) to extinction
in 10x dilution increments to assess sensitivity. For 5, 3, 2, and 1 L reactions, the mixture
was divided into 4.5, 2.5, 1.5, and 0.5 pL aliquots, respectively, and 0.5 uL of DNA was
added to each. All volumes were run in conventional tubes in which mineral oil was added
to prevent evaporation, keeping the reaction volume confined to the base of the tube. For
microchip reactions, 1 pL reaction volumes were used. To assess specificity, 5 ng/uL human
DNA was introduced to the reaction mixtures to represent host DNA. A comparison of a 5
uL conventional reaction in a tube and a 1 uL reaction in our microchip was performed, each
containing 2.5 ng of host DNA and 1.25 ng of EBV template.

2.2 Thermocycling and detection

Conventional tube reactions were performed in a Bio-Rad MJ Mini thermocycler (Bio-Rad,
Hercules, CA, USA). For the A-phage reaction, thermocycling parameters were as follows:
initial denature at 94°C for 2 min, denature at 94°C for 30 s, anneal at 68°C for 30 s,
extension at 72°C for 30 s, and final extension at 72°C for 2 min with a total of 30 cycles.
Conventional EBV parameters were as follows: initial denature at 94°C for 2 min, denature
at 94°C for 15 s, annealing at 48°C for 30 s, extension at 72°C for 30 s, and final extension
at 72°C for 7 min with a total of 40 cycles. Microchip reactions were thermocycled using a
custom water bath system, where three 1 L volumes of water were maintained at the
denaturing, annealing, and extension temperatures and the chips were transferred between
them in a stainless steel mesh container. Hold times were extended to ensure thermal
equilibrium as follows. For the crucial annealing (e.g., 94°C to 68°C) and extension (e.g.,
68°C to 72°C) temperature transitions, 1.5 min of ramping time was determined as more
than adequate using a micro-thermocouple (Physitemp, Clifton, NJ, USA) inserted into the
reaction chamber. For the less critical denaturing transition (e.g., 72°C to 94°C), 30 s of
ramping time was used to quickly reach denaturing without risk of enzyme degradation,
bubble formation, or material softening. Thus for the A-phage reaction, hold times for
denature, anneal, and extension were 1, 2, and 2 min, respectively for 30 cycles. Similarly,
for the EBV reaction, hold times were 1, 3, and 2 min for 30 cycles.

Following thermocycling, we inspected all chips for air bubble entrainment in the
microchambers. We discarded roughly 48 % (19 out of 40) of the chips when air bubbles
were visible by naked eye, since preliminary studies showed that PCR was 100 % (15 out of
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15) inhibited by their presence, most likely due to the disruption of the oil passivation layer
by the bubble, allowing direct contact between the reaction and inhibiting polymer surface.

Electrophoretic detection of PCR products was performed with an Agilent 2100
Bioanalyzer. The reactions were considered “successful” if the signal-to-noise ratio of the
electrophoretic peak at the target length was greater than three. For successful reactions, the
final concentration of amplicon, or PCR yield (ng/uL), was determined from the Bioanalyzer
electropherogram (DNA 1,000 kit for 25-1,000 bp sizing and 0.1-50 ng/ul concentration
range). Although real-time detection would have been preferable to provide quantitative
PCR results, our methods required endpoint detection, which is considered a semi-
quantitative measurement of yield. Therefore, we report ranges of PCR yields for all
characterization experiments.

2.3 Surface area-to-volume ratio and substrate characterization

In order to study the effects of SA:V, we performed a set of reactions in volumes of 50 pL in
conventional PCR tubes in comparison to a set of higher SA:V by adding segments of
polymer capillaries (Paradigm Optics, Vancouver, WA, USA) as shown in Fig. 1. We
acquired three different polymer capillaries, poly(methyl methacrylate) (PMMA),
polycarbonate (PC), and cyclic olefin copolymer (COC) (Zeonor 1020R, Zeon Chemicals),
which are common to polymer microfluidics and compatible with our microchip
manufacturing techniques. These capillaries, measuring inner diameter, ID = 500 um and
outer diameter, OD = 750 um, were diced into segments of length, L = 1 mm and added to
the reactions (Fig. 1). These dimensions were used for calculations of surface area to
determine the number, N, of capillary segments to add to The reactions for a set of relevant
SA:V values, where SA = Nx{[r(ID+OD)L]+[0.57(OD?-1D?)]}. Although a 50 uL
reaction without added capillary segments has a SA:V of 1.3, representing the polypropylene
surface contacting the reaction, this was disregarded in our SA:V calculations, since this
contribution is roughly constant for each sample, increasing less than 5% of the total SA:V,
due to increased height of the liquid in the tube from displacement by the added capillaries,
with the maximum added capillaries. Therefore, effective SA:V values were used to
represent the contributions of only the substrates of interest, beginning with 0 for the control
reaction, 2.2 for 20 segments, 3.2 for 35 segments, and 5.7 for 63 segments.

The PMMA capillaries were diced using a 40 W CO», laser cutter (Trotec Speedy 300) with
a custom fixture featuring a vgroove for aligning the capillary. Since the other substrates are
incompatible with laser cutting, the capillaries were diced manually using a razor blade.
Segments were visually inspected to ensure the capillary was open and a solution of food
coloring in water was used to confirm filling of the segments when submerged. Once diced,
the capillaries were divided into 20, 35, and 63 segment batches and added to PCR tubes.
They were then cleaned by first adding 50 UL of DNase AWAY (Molecular BioProducts),
centrifuging and sonicating for 1 h, drying, and repeating the rinse process twice with
nuclease-free water. PCR mixtures were pipetted over the capillaries and spun down, ready
for thermocycling.

To determine the SA:V of a PCR tube, we added a hemispherical base of radius, Ry (SA =
21tR;2) to the volume of a frustum, the portion of the conical PCR tube that lies between the
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hemisphere and fill height, h, with radius, R, (SA = m(R1+R2)V[(R1—R2)2+h?]). For our
PCR tubes (Eppendorf, 951010006), R; =0.92 mm, R, = 1.92 mm, h = 6.72 mm. For
volumes less than 5 pL, the fill height falls below the top of the hemispherical base and
meniscus shape becomes particularly important. For this, the tubes were filled with the low
volume, taking care to center it at the base, and the profile was imaged and captured using a
microscope. The image was imported into computer-aided design software where the profile
was traced and revolved to produce a 3-dimensional representation. Small scaling
adjustments were made to ensure the correct total volume and the SA:V values were
calculated using the software’s measurement features.

2.4 Passivation

The effects of passivation were studied as a function of SA:V using both the capillary
segments described above, with SA:V ranging from 0-5.7, as well as polymer microchips
with SA:V of 7.0. Using the capillary segments, three different BSA passivation strategies
were examined: without BSA, with BSA, and with BSA after overnight (~12 h) incubation.
The reagents for these experiments are described in Section 2.1 above, with 0.2 ug/uL as the
final BSA concentration. For incubation, samples were immersed in a 30 pL BSA mixture,
which was subtracted from the water volume for the recipe described above, allowing the
remaining PCR mixture to be simply added to the incubated capillaries. Microchip PCR
experiments with BSA were not incubated.

We developed an alternative passivation approach with our microchip involving the use of
mineral oil when filling. To encapsulate the aqueous sample in oil analogous to droplet
microfluidics, 1.5 uL of mineral oil was first loaded into a pipette tip using an adjustable
pipettor. The pipettor volume was increased to 2.5 pL and, after carefully bringing the oil
interface to the end of the pipette tip, 1 uL of PCR solution was loaded. The pipettor volume
was then increased to 4 pL and the remaining section of the pipette tip was filled with
another plug of mineral oil. This volume is loaded into the microchip, aligning the PCR
solution to the reaction chamber (Fig. 2). Upon visual observation at 20%, the oil appears to
form a smooth boundary between the droplet and chamber walls, suggesting a fully
encapsulating layer between them.

2.5 Microchip fabrication

We used micromilling as the ideal fabrication method for glassy polymers as a result of the
ability to quickly iterate in the design process as well as the ability to achieve
threedimensional geometries with relatively low SA:V compared to the range of dimensions
and contour complexity possible with conventional semiconductor and molding-based
manufacturing. Micromilling offers minimum feature sizes of 125 um and produces surface
roughness of approximately 350 nm. We chose PMMA for our microchips, which are
postage stamp sized disposable cartridges that feature two chambers, each with a pair of
filling channels and ports for loading and unloading (Fig. 2). Microchips were fabricated by
first dicing a 1.5 mm thick PMMA sheet into 20x12.5 mm blanks by CO, laser cutting.
Features were machined via micromilling using a high-speed computer numerical control
vertical milling machine (Haas Automation, Oxnard, CA, USA), as previously described
(Phaneuf and Forest 2010; Pak et al. 2012). Each microchip features two 500 um wide
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chambers with a volume of 1 pL along with 250 um wide filling channels and 700 pm
diameter ports. Using computeraided design software, we determined the SA:V for the
chamber to be 7.0. The reaction chambers and filling channels were encapsulated by thermal
bonding using a custom tellurium copper fixture heated to 170°C on a hot plate and clamped
for 30 min. The microchip was filled using a standard micropipette by first loading a pipette
tip with PCR solution, seating the pipette tip on a port, applying gentle force to create a
temporary seal, and injecting the sample until the PCR solution is centered within the
reaction chamber. Overflow was absorbed with a lint-free wipe and the ports were sealed
with a commercial 50 pm thick adhesive film (Sigma-Aldrich, St. Louis, MO, USA). The
process is depicted in Fig. 2.

3.1 Conventional PCR

We examined the lower limits of volume using conventional tubes by testing volumes of 5,
3,2,and 1 pL (SA:V =3.1, 3.8, 4.5, and 5.7, respectively) with serial dilutions of EBV
template. One set followed a conventional recipe (Fig. 3(a)) and the other used 0.2 pg/pL
BSA for passivation (Fig. 3 (b)). Success rate decreased with decreasing volume and
benefited from the addition of BSA. None of the 1 pL reactions were successfully amplified.

3.2 Effects of surface-area-to-volume ratio, substrate, and passivation

From the capillary segment experiments, we measured PCR yield versus SA:V as shown in
Fig. 4(a). Overall, the adverse effect of increasing SA:V is apparent in the decreasing yield
for each substrate. The COC appears to be the most compatible polymer, with PC displaying
slightly lower but not significantly different final concentrations (p<0.05 at each SA:V), and
PMMA was the weakest performer. We observe an inverse relationship for all materials with
increasing SA:V.

We next looked into quantifying the effects resulting from various passivation chemistries,
as shown in Fig. 4(b, c). The yield at high SA:V (e.g., >3) is improved and stabilized by the
addition of BSA. Incubation further enhances this effect. This stabilization of yield makes
PCR viable at SA:V as high as 5.7 for all substrates tested in this work.

We performed a variety of experiments in PMMA microchips to explore the effects of
passivation and high SA:V (SA:V =7.0), as shown in Fig. 5. Relative to a 50 uL control
reaction in a conventional PCR tube, we measured the PCR yield in the four combinations
with/without BSA (nonincubated) and with/without oil. As before, PMMA at high SA:V (in
the microchip) without passivation consistently fails and has a low but consistently
detectable yield with BSA. The favorable effect of loading a PCR sample between plugs of
mineral oil in a PMMA microchip compared to without oil was significantly different
(p<0.05). In addition to the benefit of loading with mineral oil compared to without, the
exclusion of BSA further improved performance.
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3.3 Sensitivity of microfluidic consensus-degenerate PCR

Using the PMMA microchip (volume = 1 pL, SA:V = 7.0) with optimal passivation of oil
without BSA, we performed amplifications of EBV template using pan herpes virus
consensus degenerate PCR with a serial dilution of template from 0 to 10° starting copies to
determine the sensitivity of this optimized microfluidic device. The results, with
corresponding starting concentration and yield, are shown in Fig. 6. The samples were
successfully amplified down to the desired threshold of ~100 starting copies, comparable to
the limit of detection of conventional thermocycling.

3.4 Specificity of microfluidic consensus-degenerate PCR

To assess specificity of the 1 uL PMMA microchips, we amplified 108 starting copies, or
1.25 ng, of EBV template in the presence of 2.5 ng of host human DNA. For comparison, we
amplified the same quantity of template and host in a 5 pL conventional PCR tube. The
resulting electropherograms of the PCR products are shown in Fig. 7. Non-specific products
and primer dimers are observable in the conventional, but not the microchip, amplification.
Qualitatively, the microchip exhibits improved specificity.

4 Discussion

Low volumes (e.g., < 5uL) can be problematic with conventional, injection-molded,
polypropylene PCR tubes (Nakane et al. 2001). Not only does it present the challenges of
preventing evaporation and recovering the sample, we suspect surface-related inhibition
might also play a greater role with decreasing volume. Our BSA passivation results
substantiate this claim, with improved success rate, notably for starting copies of 104106
with volumes of 2-3 L (SA: V = 3.8-4.5). BSA also improves success with constant SA: V
at limiting starting copies: we measured a limit of detection of ~5,000 starting copies
without BSA, but 1,000 starting copies with BSA. With starting copies ranging from 5x10%—
5x10%, none of the 1 L reactions led to successful amplification, underscoring the
importance of microfluidic devices for amplification of these volumes.

We acknowledge that the use of end-point detection to quantify yield is, at best, semi-
quantitative. Real-time PCR provides a more reliable quantitative measurement (Arya et al.
2005) and has been implemented for related studies (Taylor et al. 1997; Gonzalez et al.
2007; Kolari et al. 2007) but was not possible with our thermocycling methods. The use of
electrophoresis for end-point detection has been used by others to present the effects of
material inhibition by reporting the ranges of yield (Kodzius et al. 2011). While we caution
that our PCR yield measurements are best for relative trends, the Agilent Bioanalyzer results
were consistent.

Experimentally we have attempted to systematically explore the effects of SA:V, substrate,
and the use of surface passivation with BSA and mineral oil encapsulation in microfluidic
PCR. Varying the SA:V from 0 to 5.7, we showed a decaying PCR vyield with increasing
SA:V in the absence of passivation. The capillary segments used have dimensions less than
the diffusion distance, g, thus we observed strong dependency of yield on SA:V. PC and
COC give similar results, and PMMA is the worst option amongst these three material
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candidates since it fails at SA: V = 5.7, while COC and PC can work at this high SA:V. This
conclusion is in agreement with the assessments found in the literature (Kodzius et al. 2011).

The yield at high SA:V (e.g., >3) is improved and stabilized by the addition of BSA,
especially so when the sample is incubated with BSA before loading the reaction. This
stabilization of yield makes PCR viable at SA:V as high as 5.7 for all substrates tested this
work. However, we note that, as others have posited (Taylor et al. 1997), BSA effects can be
deleterious. For example, the yield of the control reaction (50 pL in a PCR tube) in Fig. 5
was lower with the addition of BSA as compared to without, confirming the complexity of
the effects of BSA on the reaction chemistry and wall interaction (Kreader 1996;
Jeyachandran et al. 2009; Christensen et al. 2007).

We measured the effects of all four combinations of the presence or absence of oil and BSA
on PCR yield in a PMMA microchamber with SA:V = 7.0 relative to a control reaction (50
uL in a PCR tube) with and without BSA. Comparable to our previous experiments at
SA:V>3 using capillary segments in a PP tube, the addition of BSA to the microchamber at
SA:V =7.0 improves (in fact, enables) PCR at high SA:V in a PMMA device. Adding oil to
the reaction has an interesting effect. It improves yield whether or not BSA in used and the
greatest improvement is obtained when BSA is not used. This is consistent with our previous
results at SA:V<3, when BSA reduced reaction yield. Since oil encapsulation performs the
passivation function, BSA is not recommended.

The enhancing effect of mineral oil is a result of the coating it provides, effectively
encapsulating the sample volume and preventing surface adsorption of polymerase. The
improved performance resulting from the exclusion of BSA was surprising and indicates a
trade off between its benefits of passivation in high SA:V environments and its minor PCR
inhibition, at least when in the presence of another passivation agent. BSA concentration
could have been the confounding issue when paired with oil passivation, since there was less
surface area for BSA to adsorb to, resulting in a greater amount of free BSA in solution and
a higher likelihood of interfering with the reaction. Regarding the modeling of the effect of
oil, though some have observed adsorption at the oil/water interface (Angione et al. 2012)
and surfactant chemistry is known to be critical for droplet microfluidics (need references),
in this work we found that the oil passivation has a far less deleterious effect on PCR vyield
than direct reaction/polymer interface. Our electropherograms were unable to resolve the
expected difference between oil/water and polypropylene/water. We therefore conclude that
oil alone is the most optimal passivation method amongst the options studied in this work.

We have presented the first microfluidic consensus degenerate PCR with the amplification of
EBV by pan herpes virus PCR. We have optimized this device and reaction conditions with
the first reported use of oil encapsulation without fluid flow and the use of standard reagent
concentrations, yielding a limit of detection comparable to conventional tubes, with 140
starting copies or 3x10° copies/mL regarded as the accepted sensitivity threshold for
diagnostic purposes (Wagner et al. 2001). This device and method thus represents a reliable,
low-volume, low-cost approach to consensus degenerate PCR compared to the state of the
art.
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Since specificity is one of the most important factors with regard to the official acceptance
of novel PCR assays within the clinical diagnostic laboratory, we demonstrate comparison of
detection of EBV in the presence of background human DNA between a conventional 5 pL
PCR tube and the 1 pL microfluidic chip. The comparison shows greatly improved
specificity for the microchip. The CDC commonly uses nested-PCR, or amplification of a
subset of the original target in a second PCR amplification to improve specificity and
sensitivity in conventional consensus degenerate PCR. The benefits of the microchip could
obviate this step, further saving time and cost. We attribute the consistently improved
specificity to the enhanced temperature uniformity achieved at the microscale, since
amplification of non-specific products is symptomatic of annealing temperature accuracy
errors.

In order for the molecular biology community to embrace new technologies such as
microfluidic PCR, the sensitivity and specificity capabilities for the most challenging and
relevant reactions must compare or exceed those of conventional techniques while offering
an easy-to-use, low-cost system. We have demonstrated a microfluidic PCR approach
informed by experimental characterization of the common problem of inhibition by surface
adsorption and factors that affect it: substrate, duration, surface area-to-volume ratio, and
passivation technique. From this, we have implemented optimal passivation for a 1 pL
reaction volume in a polymer microchip that we fabricated, providing a 50x volume
reduction compared to conventional methods with comparable or improved sensitivity and
specificity. Unlike the many microfluidic PCR devices that require higher concentrations of
polymerase, which is the most expensive PCR reagent, we maintain a conventional
polymerase concentration of 0.025 U/uL to provide true cost reduction. The application of
our microchip to the detection of Epstein Barr virus using consensus degenerate primers, as
routinely used by the CDC Pathogen Discovery Program, Division of Viral Disease, and our
demonstrated ability to operate at the same limit of detection and specificity as conventional
methods, makes the case for the viability of our microchip, taking a step closer to massive
reductions in the cost and labor involved in pathogen screening and countless other PCR
applications.
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Fig. 1.

Within conventional PCR tubes, segments of polymer capillaries were submerged in 50 pL
PCR reaction volumes to quantify the effect of SA:V and passivation on PCR yield.
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Fig. 2.
Polymer microchips were fabricated by micromilling 1 pL reaction chambers and filling

channels into a PMMA substrate and encapsulating the features by thermal bonding then
implemented by loading with a PCR sample using a standard micropipette and sealed with
an adhesive film. SA:V =7.0
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Fig. 3.

Epstein Barr virus detection results in conventional PCR tubes (a) without BSA and (b) with
BSA for a range of starting copies. Filled circles indicate successfully detected samples and
open circles indicate undetected samples. Reaction parameters: conventional PCR tubes,
EBV template, BSA concentration 0.2 pg/uL, 40 cycles

Biomed Microdevices. Author manuscript; available in PMC 2016 October 03.

14.5

(,-uIur) oner AWN[OA-01-2aIe-20BJINS



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Phaneuf et al. Page 19

100

PCR yield (pg/pl)
=

(a) (b) (c)

g il

o control

0O PMMA
@ PC
ECOC
0.0 2.2 32 5:7 0.0 22 3.2 5.7 0.0 2.2 3.2 57
surface-area-to-volume ratio (mm ')*
Fig. 4.

(a) Experimental PCR yield ranges in the presence of PMMA, PC, and COC capillary
segments versus SA:V. (b, c) Effects of BSA passivation on PCR yield ranges when added to
the PCR solution (b) immediately prior and (c) 12 h prior (overnight incubation) to
thermocycling. Reaction parameters: conventional PCR tubes with capillary segments, 45.8
ng of A-phage template, 30 cycles, 50 pL total volume, control has no segments, BSA
concentration 0.2 pg/pL, n = 2. *Surface area of PP tube neglected as described in Section
2.3
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PCR vyield for all combinations of mineral oil passivation and BSA passivation in PMMA
microchips relative to control reactions in PCR tubes with and without BSA. Reaction
parameters: control in conventional PCR tubes, microchips in PMMA with SA:V =7.0, A-
phage template (45.8 ng in controls, 25 ng in microchips), 30 cycles, BSA concentration 0.3

pg/pL, n=2
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Fig. 6.

Togassess sensitivity, PCR yield versus starting copies of Epstein Barr virus using 1 pL
PMMA microchips with SA:V = 7.0. Limit of detection is 140 starting copies, equivalently
1.25% 10~ 'ng/uL or 3 x 10° copies/mL. Reaction parameters: EBV template, 30 cycles, n =
3. Success rate was 100 % for 1.25 x 1073-1.25 x 10~5ng/uL, and 66 % for
1.25x1076-1.25% 10 "ng/uL
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Fig. 7.
To assess specificity, electropherograms of PCR products and sizing markers for

amplifications of 108 copies, or 1.25 ng, of Epstein Barr virus with 2.5 ng of background
human DNA for (a) 5 L reaction volumes in a conventional PCR tube and (b) 1 pL
microchip. The target amplicon of 605 bp is detected in both, but the specificity (indicated
by the presence of non-specific products) is superior for the microchip. One out of two
identical results is shown. Reaction parameters: EBV template, 40 cycles
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